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Abstract: The temperature of a friction pair exerts considerable influence on the tribological behavior of a
system. In two cases, one with and the other without Cu (copper) nanoparticles, the temperature increase in
friction pairs caused by frictional heating and its tribological properties at various temperatures are studied by
using the molecular dynamics approach. The results show that temperature distribution and surface abrasion
are significantly improved by the presence of Cu nanoparticles. This is one of the reasons for the improvements
in tribological properties achieved in the presence of nanoparticles. The temperature and range of influence of
frictional heating for the model without nanoparticles are significantly increased with the increase in the
sliding velocity; however, in the model with nanoparticles, the temperature gradient is confined to the area
near the Cu film. With an increase in the temperature of the friction pair, the improvement in anti-wear
properties associated with the presence of Cu nanoparticles becomes more significant.
Keywords: nanoparticles; molecular dynamics; temperature; tribological properties

1

Introduction

With the continuing development of nanotechnology,
nanoparticles have begun to be routinely added to
lubricants as an oil additive. The results of many
experiments on the tribological properties of nanolubricants have shown that the frictional characteristics
of the base oil can be significantly improved by the
addition of nanoparticles [115]. Several mechanisms
responsible for the improvement of tribological
properties with the addition of nanoparticles have
been proposed [1624], such as rolling friction, a
third-body material, a surface protective film, and
self-repair effects. Some of these can be addressed
experimentally. However, as yet, the theoretical
study and direct evidence of lubrication mechanisms
of nanoparticles are lacking, and the behavior of
* Corresponding author: Jizu LV, E-mail: lvjizu@dlut.edu.cn

nanoparticles between rubbing surfaces has not been
studied [25].
There are many asperities on friction surfaces.
During the friction process, plastic deformation and
adhesive wear occur in the contact zone owing to the
compressional shearing action between asperities.
The resulting frictional heat is transferred from the
outer plastic deformation layer to inside the friction
pair, which yields a transient temperature field.
Very high temperatures can reduce the strength of a
boundary film (such as a physical-chemistry adhesion
film) on the friction surface. Because of the temperature
gradient, the mechanical properties, such as hardness
and elastic modulus, of a friction pair significantly
change, which affects the stability of friction. A high
local temperature and material softening are two
important reasons for wear [26]. Therefore, the
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temperature of a friction pair considerably affects
the tribological behavior of a system. As such, the
influence of nanoparticles on the temperature increase
associated with the asperity contact may be another
reason for its excellent effect on tribological properties.
Although many studies have been conducted on the
tribological behavior of nanoparticles [27], the influence
of nanoparticles on the temperature of the rubbing
surfaces remains unclear. In addition, tribological
parts typically work in high temperature conditions.
For instance, the operational temperature region of
piston rings ranges from 400 K to 480 K [28]. There are
few published works on the tribological properties of
nanoparticles at various temperatures.
The friction contact zone is instantaneous and hard
to observe. Lu et al. [29] developed an experimental
method to measure the temperatures of both the
surfaces and the oil film in an elastohydrodynamic
contact. However, it is not clear whether this method
is valid for nanofluids. Nanoparticles are so small
that their tribological behavior cannot be captured by
macroscopic simulation. To address this problem,
molecular dynamics (MD) simulation can be used
to calculate trajectories of atoms or molecules by
solving Newton’s equation of motion and thereby
reveal the physical essence of material deformation.
A number of MD simulations of the micromechanisms
of tribology have been conducted [30]. In Ref. [31],
the MD simulation results show that addition of Cu
nanoparticles can form a nano-film between friction
pairs, which reduces plastic deformation and structural
defects. However, the effect of nanoparticles on the
frictional heating and tribological properties of a
friction pair at various temperatures has not been
considered. Lin et al. [32] used the MD method to
simulate the temperature field during nanoscale
orthogonal cutting. Chagarov et al. [33] performed
an MD simulation of the mechanical deformation of
amorphous silicon dioxide during chemical-mechanical
polishing and determined the temperature evolution
during asperity deformation. Zhong et al. [34] used
the MD simulation to obtain the maximum local
temperature and temperature gradient during severe
adhesive wear on a rough aluminum substrate.
Chantrenne [35] performed MD simulation to reveal
the generation mechanism of frictional heating and
found the potential energy to be the source of

frictional heating during plastic transformation.
Chen et al. [36] studied the heat dissipation process
in nanoscale friction using the MD method and
found extensive plastic deformation and increased
temperature to occur at the interface. Ewen et al. [37]
performed non-equilibrium MD simulations to study
the friction properties of carbon nanoparticles between
iron surfaces. Their results showed that systems with
nanoparticles exhibited lower maximum temperatures
than that of systems without nanoparticles. The above
works have proved that the temperature increase in a
friction pair during asperity contact can be accurately
simulated by the MD method. In our previous work,
we also verified the feasibility and effectiveness of the
MD method in investigating the tribological behaviors
of nanoparticles [31, 3840].
In the light of the above, in this study, we utilized
the MD method to investigate changes caused by the
presence of Cu nanoparticles in the temperature of the
solid contact zone and the surface abrasion of a friction
pair. We also considered the effects of nanoparticles
on tribological properties at various temperatures.
With respect to frictional heating, this work can be
distinguished from the previous studies in that we
propose a reasonable explanation for why nanoparticles
can improve tribological properties.

2
2.1

Simulation details
Simulation model

Figure 1 shows two simulation models, in which the
diameter of the nanoparticles is 40 Å. When no nanoparticles are present, the asperity is in direct contact
with the lower block. Periodic boundary conditions
are imposed in the x-direction and z-direction. The
material of the friction pair is iron (Fe). The lower
block and asperity have the same atomic configuration.
There are three layers in the lower block, namely, the
rigid layer, thermostat layer, and free deformable
layer. The temperature of the thermostat layer is
fixed at T0 by using the Nose-Hoover thermal bath
[41]. The upper asperity is slid at velocity v in the
z-direction, and a normal external compressive load,
P, is applied to it. The lower block keeps still during
the friction process. Many factors can affect the
temperature increase in the friction pair, including
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MD simulation models. (a) The model without Cu nanoparticle, (b) the model with Cu nanoparticle.

their thermal properties, malleability, and compatibility.
To simplify this analysis, the sliding process of a
rigid asperity (no deformation and no heat transfer)
on the surface of an Fe block will be simulated.
Plastic deformation and surface abrasion appear only
on the lower Fe block. As such, the temperature
increase in the friction pair is determined by the
tribological properties of the lower Fe block. Treating
the asperity as a rigid body has been adopted in
nanoscratching MD simulations [42]. This simplification
will not change the friction reduction properties of
Cu nanoparticles. However, all the frictional heat will
be transferred through the lower Fe block. Therefore,
the temperature distributions in this study differ
from the case in which both the blocks are deformed.
To simulate the tribological properties at various
temperatures, we changed the temperature (T0) of the
thermostat layer.
2.2

Molecular dynamics

Interatomic interactions such as Fe-Fe, Cu-Cu, and
Fe-Cu are all described by the embedded atom
method (EAM) potential chosen by Zhong [34], Chen
[36], and Ewen [37] to study the temperature increase
in the metal friction pair interface:

 1
U   Fi   i rij    ij rij
i
 ji
 2 ji

 

 

(1)

The embedding energy Fi is a function of the atomic
electron density ρ. ϕ is the pairwise interaction potential.
The indices i and j indicate atoms i and j, respectively.
The EAM potential parameters developed by Bonny
et al. [43] are incorporated in the study. Because the

parameter set of this potential contains many variables,
the same are not given here. The EAM potential documents used in this work can be obtained from Ref. [44].
2.3

Simulation details

All the simulations in this work are performed with
the classical open source LAMMPS code [45]. Each
simulation consists of three steps: initialization, compression, and shear. In initialization, the canonical
ensemble (NVT) is chosen for the simulation systems.
After 200 ps, an equilibrium state is obtained. Then, a
uniformly distributed load, P, is gradually imposed
on the upper asperity. Later, the NVT ensemble used
for the free deformable layers is instead by the
micro-canonical ensemble (NVE). Finally, the upper
asperity is moved with velocity v on the z-direction.
The Velocity-Verlet algorithm [46] is used for the
numerical integration of the atomic motions. A time
step of 0.002 ps was chosen for the simulations.

3

Results and discussion

In this study, the temperature increase, surface abrasion,
and tribology properties of friction pairs at various
temperatures were analyzed. Because load and velocity
are two important factors influencing the friction
state, four different cases were considered: low load
and low velocity (P = 500 MPa, v = 10 m/s), low load
and high velocity (P = 500 MPa, v = 30 m/s), high load
and low velocity (P = 1000 MPa, v = 10 m/s), and high
load and high velocity (P = 1000 MPa, v = 30 m/s).
Unless specified, the temperature of the thermostat
layer, T0, in the lower block was kept at 300 K.
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3.1

Friction state

Figure 2 shows the friction states in the low-load and
low-velocity (P=500 MPa and v=10 m/s) case. To highlight the plastic deformation caused by the shear
process, selected atoms in the lower block are colored
red. For the system without Cu nanoparticles, the
material on the lower block shifted with the sliding
of the upper asperity. Thus, adhesion wear, wear scar,
and internal deformation developed in the lower
block. After adding the Cu nanoparticles, the upper
asperity became separated from the lower block. The
Cu nanoparticles spread out by the effect of the
shearing action to form a nanofilm between friction
pairs. The Cu film facilitated the shearing action
between the friction pair; therefore, little deformation
occurred in the lower block. This phenomenon is
consistent with that in a previous study [31]. The
friction processes in the other three cases were similar
and are not reported here.
Figure 3 shows the wear states of the model
without nanoparticles for the four cases, in which

Fig. 3 Surface abrasion of the lower block at the sliding distance
of 18.8 Å. Locations pointed to by arrows were the starting
positions of wear.

one can see that adhesive wear occurred on friction
surfaces. The locations indicated by the arrows show
the starting positions of wear. It can be found that the
closer the starting positions to the left boundary of the
lower block, the larger the wear scar widths. The coordinates of the wear scars along the z-axis for the four
cases were 30 Å (P = 500 MPa, v = 10 m/s), 26 Å (P =
500 MPa, v = 30 m/s), 22 Å (P = 000 MPa, v = 10 m/s),
and 16 Å (P = 1000 MPa, v = 30 m/s), respectively. As
shown in Fig. 3, the wear scar width increased with
an increase in the load and sliding velocity. The reason
lies in that both the strength of the interatomic bonds
and the contact area between the friction pair increased
with an increase in the load. More atoms on the lower
block were shifted with the sliding of the asperity,
which resulted in a wider wear scar. Therefore, the
wear scar in the P = 1000 MPa and v = 30 m/s case
was the widest. For the model with Cu nanoparticles,
no wear occurred on the friction surface owing to the
presence of the Cu film (as shown in Fig. 2). Even at
a high velocity and high load, the friction surface
remained well protected by the Cu nanoparticles.
These results indicate that Cu nanoparticles impart
better anti-wear properties under high-speed and
heavy-load conditions.
3.2

Fig. 2 Still images of friction state after sliding. To visually
view the plastic deformation caused by the shear process, selected
atoms in the lower block have been colored in red. P = 500 MPa,
v = 10 m/s.

Temperature increase

The increase in temperature caused by frictional
heating can be computed from the kinetic energy of
atoms. However, if the atomic temperature is used
directly, only some discrete points can be obtained. In
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this study, every atom is treated as one central atom.
To obtain the temperature distribution, the average
temperature of atoms within 6 Å of the central atom
is assigned to the central atom. Figures 47 show the
respective temperature distributions of the four cases.
For the model without nanoparticles, the asperity made
contact with the lower block by the application of a
normal load. Plastic deformation was produced by
mechanical force. Frictional power was transformed
into frictional heating, which then diffused into the
interior of the lower block. Consequently, the temperature increased. The temperature of the solid
contact zone reached 450 K, because this is where
severe plastic deformations occurred. For the model
with Cu nanoparticles, the Cu film facilitated the
shearing action in the high-temperature zone.
Fortunately, the influence of frictional heating is very
limited. A temperature gradient occurred only in
the area connecting the lower block and the Cu film.
Upon addition of the Cu nanoparticles, the temperature increase in the friction pair was significantly
improved, which means that frictional heating was
drastically reduced. Accordingly, the thermal stress
and fluctuation of the mechanical properties of the

Fig. 5 Temperature distribution of friction pair at different
sliding distances. P = 500 MPa, v = 30 m/s.

Fig. 6 Temperature distribution of friction pair at different
sliding distances. P = 1000 MPa, v = 10 m/s.

Fig. 4 Temperature distribution of friction pair at different
sliding distances. P = 500 MPa, v = 10 m/s.

friction pair caused by frictional heating was weakened.
Thus, it can be concluded that the Cu film not only
reduces friction and improves anti-wear properties,
but also effectively reduces the local temperature
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Fig. 8

Fig. 7 Temperature distribution of friction pair at different
sliding distances. P = 1000 MPa, v = 30 m/s.

increase at the friction-pair interface, which is
beneficial to the mechanical stability of the friction
pair.
To obtain a better quantitative law from simulation
results, the lower block is divided into several layers
perpendicular to the y-axis, and the average temperature of each layer during the sliding process is
obtained. Figure 8 shows the temperature profiles
along the y-axis, in which it can be seen that, for both
models, the temperature caused by frictional heating
increases with an increase in the load and sliding
velocity. After adding the Cu nanoparticles, the
temperature of the lower block was significantly
reduced. For the model without nanoparticles, the
range of influence of frictional heating extends
allover the block. Because of the improvement in the
tribological behaviors provided by Cu nanoparticles,
only the area from 75 Å to 80 Å along the y-axis was
influenced by frictional heating. When there were no
nanoparticles, the temperature, area of the hightemperature zone, and range of influence of frictional
heating were obviously increased as the velocity
increased from 10 m/s to 30 m/s. For the model with
Cu nanoparticles, although the range of influence of
frictional heating expanded with an increase in the
velocity, the temperature gradient was limited to the

Temperature profiles of lower block along the y-axis.

area near the Cu film. By comparing Fig. 4 and Fig. 5
or Fig. 6 and Fig. 7, the same results can be observed.
These findings show a more significant improvement
in the temperature increase at a high sliding velocity
owing to the presence of Cu nanoparticles.
For a better comparative analysis, the frictional
heat and average temperature (Tave) of the lower Fe
block are summarized in Table 1. To show the size of
the local high-temperature zone, the ratio (φ) of the
high temperature zone (>400 K) to the bulk volume
of the lower Fe block is computed, which is also
shown in Table 1. It can be found that frictional heat
is reduced by 62%80% with the addition of Cu
nanoparticles. Because of this, the Tave values of the
model with Cu nanoparticles in the four cases
decrease by 21 K, 32 K, 23 K, and 38 K, respectively.
For the model without Cu nanoparticles, the ratio of
the high temperature zone increased from 9.4% to
26% with an increase in the load and velocity. However,
when the Cu nanoparticles are added, the volume
fraction falls to 0.1%1.8%.
3.3

Effect of system temperature

The thermophysical and mechanical properties of
tribological parts change with the temperature under
the working conditions, and the tribology properties
also vary. In this section, we study whether Cu nanoparticles can effectively improve friction properties at
high temperatures. Figure 9 shows the surface abrasion
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Table 1 Frictional heat, average temperature (Tave) of the lower Fe block, and ratio (φ) of high temperature zone (>400 K) to the bulk
volume of the lower Fe block at the sliding distance of 38 Å.
Model

Without Cu

With Cu

Parameters

P = 500 MPa
v = 10 m/s

P = 500 MPa
v = 30 m/s

P = 1000 MPa
v = 10 m/s

P = 1000 MP
v = 30 m/s

Frictional heat (eV)

131

351

141

388

Tave(K)

324

340

328

348

φ (%)

9.4

16

9.8

26

Frictional heat (eV)

28

107

53

137

Tave (K)

303

308

305

310

φ (%)

0.1

0.98

0.25

1.8

the wear state becomes more serious with an
increase in the temperature of the friction pair. For
the model with Cu nanoparticles, Cu films formed on
the friction surface at all three temperatures. Even in
high-temperature conditions, there was no apparent
deformation in the friction pair, with the degree of
wear at the high temperature close to that at the low
temperature. This indicates that Cu nanoparticles
still exhibit good anti-wear performance at high
temperatures. Therefore, it can be concluded that the
improved effect of Cu nanoparticles on tribology
properties is more significant at higher temperatures.
Figure 10 shows the distributions of structural

Fig. 9 Surface abrasion and shear deformation at different
temperatures. The color rule for atoms is the same as that in Fig. 2.
P=500 MPa, v=10 m/s.

and shear deformation at different temperatures. For
the model without Cu nanoparticles, when temperature
T0 was increased from 300 K to 400 K, the width of
the wear scar increased. When the temperature was
increased to 480 K, softening of the material caused
mass deformation within the lower block. These
results show that when there are no nanoparticles,

Fig. 10 Structural defects at different temperatures. P=500 MPa,
v=10 m/s. Only atoms with centrosymmetry parameter larger
than 6 are shown. Cu atoms are not shown.
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defects at various temperatures, in which atoms are
colored based on their centro-symmetry parameter [31].
It can be seen that the number of structural defects was
significantly reduced by adding the Cu nanoparticles.
With an increased temperature, the number of
structural defects in the model without nanoparticles
increased significantly; whereas, in the model with
Cu nanoparticles, the number of structural defects
increased only slightly because of the presence of
the Cu film. These findings also indicate that the
improvement in friction characteristics at high temperatures caused by the presence of nanoparticles was
more significant than that at low temperatures, which
is consistent with the results shown in Fig. 9.

4

Conclusion

In this study, the MD method was used to investigate
the changes in the temperature of a friction surface
caused by frictional heating under two conditions:
with Cu nanoparticles and without Cu nanoparticles.
Compared with the model without nanoparticles, the
temperature increase caused by frictional heating and
surface abrasion in the model with Cu nanoparticles
improved significantly. With an increased sliding
velocity, the temperature and range of influence of
frictional heating in the model without nanoparticles
were significantly increased. In contrast, in the
model with Cu nanoparticles, as the sliding velocity
increased, the temperature gradient was confined to
the area near the Cu film. The significant effect of
Cu nanoparticles in improving the temperature
distribution of a friction pair in asperity contact is
beneficial to the mechanical stability of rubbing
surfaces.
The tribological effects of nanoparticles at various
temperatures were also investigated. In the model
without nanoparticles, the surface abrasion, plastic
deformation, and defect structures became more
serious with an increase in the temperature T0 of the
friction pair. In the model with Cu nanoparticles, the
degree of wear at high temperatures was close to
that at low temperatures, which indicates that Cu
nanoparticles perform extremely well in improving
tribological properties even at high temperatures.
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